ABSTRACT. Work in Thermosonics (Vibration Thermography) has demonstrated the ability to make cracks in metals, delamination in composites and disbonds visible to Infrared Thermography. A basic question of what energy levels are needed to "activate" the discontinuities remains as an impediment to a universal understanding and use of the technique. A specific strain gage configuration to measure only differential movement between the sides of a crack was compared with laser vibrometry measurements of the surface movement and crack infrared emittance levels of simple samples. Measurements were made to measure the effect of varying some of the operating parameters and the relationship of the measurements to crack visibility.
INTRODUCTION
Thermosonic crack detection utilizes a burst of sound (15 to 40 kHz) to cause cracks to heat and become visible in the infrared region of the electromagnetic spectrum. In order to assure that unknown cracks are detected, it is necessary to find some way of assuring that the vibratory conditions are correct for sufficient heating of the crack to occur. This paper represents an attempt to develop some techniques to accomplish this.
THEORETICAL BACKGROUND
Heat might be generated in small cracks during ultrasonic vibration by several different actions. If we first assume that the sliding of one face over the other is the predominant way heat is generated then we can formulate some simple relationships. The relationship between the temperature of the crack area and the relative movement of the two crack faces may be related by two simple equations. The first gives the work performed by two sliding surfaces and the second gives the energy change in a material given a rise in temperature. Equating the work performed for sliding with friction [1] with the rise in temperature [2] gives the following: Work = Force X Distance = |i k *F *e *Length oc Heat Energy = mcAT or |i k *F *e *Length oc mcAT (1) where jn k is the coefficient of friction, F is the normal force closing the crack, 6 is the strain and multiplied by length is the movement experienced. The mass of the heated volume is m, c is heat capacity and T is the rise in temperature. There is both vertical and horizontal movement between the sides of the crack and we divide the strain components into the x and z directions. If we drop all the constants the proportional relationship is still true. We can then integrate both sides and the following relationship is shown.
Therefore an integration of relative strain between the sliding faces of the crack should be proportional to the heat generated by friction between the two sides of the crack. Heat generated at the tip of the crack should also be proportional to the relative strain between the two sides (longitudinal and bending) because they will be proportional to the energy deforming the crack tip region. Using strain gages we can try to configure our system by strain gage placement and Wheatstone Bridge configuration to isolate the strain measurements (longitudinal, transverse, bending, differentiated bending etc.) that reflect heat generation and not those modes which are ineffective in heating. There are many possible ways of configuring strain gages to measure different strain types. A single gage aligned with the crack gives a measure of uniform bending of the sample and of uniform axial strain of the sample. This does not isolate the differentiated strain which measures the movement of one side of the crack relative to the other. Two gages connected in series on one leg of the Wheatstone Bridge and on opposite sides of the crack and opposite surfaces of the sample give a measure of differential bending (and not uniform bending) but also of uniform strain (not differential). Two strain gages connected to opposing legs of the Wheatstone Bridge and on opposite sides of the crack but on the same surface ( Figure 2a) gives a measure of differential bending and of differential longitudinal strain but not uniform bending or uniform strain. The third choice will supply the measures of relative motion of the two crack faces needed to predict frictional heating of the crack without including uniform elongation and bending.
What quantity is being measured when we integrate the microstrain over time and record strain-seconds? We can relate strain to stress in a homogeneous material using Young's modulus, so we are measuring stress as well as strain. A strain wave moves at a known constant velocity so time is easily changed into distance, and we are measuring distance as well as time. The strain-second integral is therefore easily converted into a stress-distance or force-distance integral which has the units of work. The strain wave can be thought of as a moving stress or strain field of (fairly) constant content analogous to an array of parallel springs with measurable work performed or having a measurable potential energy.
The coherent laser vibrometry sensor used in this work employed a CW 1.06 |Lim single-frequency Nd:YAG laser in an unbalanced homodyne configuration. The sensor's analog bandwidth was 100 MHz. It responds to both amplitude modulation (AM) of the scattered laser light, and to phase modulation (PM). PM arises entirely from sample motion in response to the ultrasonic excitation. PM produces a wideband modulation spectrum whose upper cutoff frequency is directly proportional to the surface displacement normal to the laser beam direction. In contrast, AM results from any process that varies the scattered light intensity in these measurements, most notably the motion of surface irregularities. Its spectrum is limited to the frequencies of intensity variation, whereas the mm. PM spectrum has a much larger extent. The variability of mechanisms for AM complicates the extraction of quantitative measures of surface motion from AM vibrometry signals. Figure 1 illustrates these distinctions using a theoretical PM spectrum with modulation index 30. In the experiments to be described here, the fundamental frequency of Fig 
EXPERIMENTAL SETUP
One type of sample was chosen as standard for these tests. A compact tension fracture type specimen was chosen similar to that described in ASTM E399 (Figure 2b ). The body of the sample was lengthened to 2 7/8 inches to accomadate the placement of strain gages. The samples were made of aluminum 2.43mm thick. A number of identical specimens were prepared by electrical discharge machining (EDM). One specimen developed a crack during testing and was utilized to measure thermal heating by vibration of that crack. The crack was optically measured to be 0.073 inch in length. Strain gages were applied to the samples. The first samples had strain gages designated as type CEA-06-125-350 (Micromeasurements) glued to either side of the area at the tip of the notch. Early trials experienced great difficulty because the attaching wires were separted from the strain gages, from the solder tabs and were broken in mid areas by the vibrations from the 20khz Branson welding gun. Trials with different gages showed that type WK-06-125AD-350 (Micromeasurements) which had dual integral leads attached to the gages were much better able to stand up to the harsh environment. Other normal precautions for strain gages in vibratory environments were also needed. The vibratory energy was supplied by a standard Branson 910 DA digital controller (1000 watt capacity) and GK-5 20khz gun. The controller was used at full power with a 200ms pulse length. This was the maximum pulse length which could be recorded by the laser vibrometer system and proved to be a good choice for the specimens being investigated.
The Branson GK-5 gun ( figure 3 ) was attached to a linear slide and mounted on a sturdy post with clamped fixture to allow the gun to be moved vertically and rotated. An air cylinder and regulator were attached to supply the force to push the gun against the samples. The vibratory energy in the gun was coupled to the test pieces by either direct metal to metal contact between gun and sample or by placing a piece of standarad (automotive) engine gasket material between the gun and sample. The gasket material was replaced after every shot for consistency. The back of the sample was placed against a one centimer square of cork (mounted on a steel bar) before the gun was brought against the front side. The small cork square minimized damping of the vibrations by the supports. The bottom of the sample did not touch the block placed below it. The strain gage signals were processed using a Micromeasurements Group Signal Conditioning Amplifier Model 2310. A Fluke Model 123 Scopemeter was used to record the signals and transmitted the program files to a laptop via optical cable. The data files transmitted by the Scopemeter were received as MS Excel files which were then integrated. One strain gage was placed on either side of the (potential) crack location and electrically connected to read only the difference between their strains.
The Laser Vibrometer spot was placed between the two strain gages adjacent to the crack tip (if present), at a working distance of 154 cm. The beam was perpendicular to the sample surface. Spot diameter was approximately 0.5 mm. The diffuse surface was not specially prepared. A Tektronix DSA 602 digitizing oscilloscope recorded wideband vibrometry signals with 8-bit precision for post-processing, with sampling rates as large as 50 megasamples/second for the PM signals. Simultaneous triggering of the Fluke 123 and the DSA 602 ensured synchronized data acquisition. For AM signals, the first 200-ms of the ultrasonic excitation were recorded with 50 kHz sampling. For the higher-frequency PM signals, an 80-|isec sample (4096 samples at 50 MHz) at the 100-ms point of the excitation was recorded. The AM signals were quantified by computing the area under the signal envelope as a gross measure of motion. The PM signals were high-pass filtered to remove the excess AM. Power spectra were computed by FFT, and the upper frequency edge of the spectra extracted to provide the displacement measurement given by Equation (3).
EXPERIMENTAL RESULTS
Initial trials were performed using an uncracked compact fracture specimen. It was found that the energy coupled into the test piece from the GK-5 welder increased rapidly as the normal force on the welder was increased if the metal gun horn was pushed directly against the sample (with no gasket material used as an interface). It was decided to use the variation of normal force to provide a range of repeatable energies for the sake of comparing the two measurement systems. Measurements of the vibrational energy near the end of the slot (where strains are maximized) showed that the Laser Vibrometer and strain gages gave very similar results for a range of energies (a range of pressures on the gun). The results, while not perfect, were encouraging. The strain gages gave a nearly linear response to the increasing gun pressure and the Laser Vibrometer AM data gave a similar nearly linear output with one point digressing from the line as shown in FIGURE 6. Strain gage energy and laser vibrometer data at various force levels with a cracked sample.
The noise produced by the welding gun was a third rough measure of the energy produced. Almost no sound was produced at 10 Ib load but the noise level rapidly increased with the load on the gun. A quick trial with the cracked compact tension specimen identical to the uncracked specimen being used for measurements showed that the minimal energy needed to make-the crack visible to the IR camera was 9 to 10 Ibs of load on the welding gun. This transitional energy level was confirmed numerous times.
The Effect of Interface Material on Activation Energy
The next trials were performed similarily but an interface material was placed between the gun tip (horn) and the test sample. Each trial run was performed using a fresh piece of gasket material to avoid the effect of thinning or hardening of the material. The energies measured with the gasket material in place were much lower than those found with metal to metal contact and corresponded to the lowest energies measured without an interface material ( Figure 5 ). The energies measured also did not rise smoothly with increasing load pushing the welding gun into the part but stayed fairly steady although the trend is a gradual increase over this range of gun loading. Higher loads may be investigated at a future date with a larger air cylinder to supply increased loads. The 1/2 inch diameter piston air cylinder used could not supply any higher loading with our air supply. The sound levels produced by the gun during these trials confirmed the impression that a low level of energy was being transmitted into the test piece.
The Relationship Between Strain Gage Output and Laser Vibrometer Output With Increasing Gun Energy
New trials were performed on a sample of identical dimensions to that in the first trial but containing a crack (0.073 inchs long) at the end of the slot. The results shown in Figure 6 compare the integrated outputs from the strain gages and the laser vibrometer for various levels of energy from the UT gun (as controlled by the contact force on the gun).
Strain Gage Energy and Laser Vibrometer VS
Crack Emittance Gain The increase in the energy measured by the strain gages and the energy measured by the laser vibrometer (PM data) were nearly identical ( Figure 6 ) and nearly linear with increased force on the gun. This result supports the supposition that the efficiency of contact between the gun and the sample is linearly related to the force pushing the gun into the sample. The agreement between the two measurement systems gives credence to the validity of these methods. The results from the AM data ( Figure 6 ) show a general increase with energy but a poor corelation in general.
The Relationship Between Crack Temperature, Strain Gage Output and Laser Vibrometer Output
It was of great interest to determine if the two measurement methods could predict the "brightness" of the crack with varying energy input because the methods could then be used to establish correct inspection parameters for parts with no know cracks. The infrared emittance of the crack was measured using an Echotherm system manufactured by Thermal Wave Imaging. The numbers reported by the Echotherm system were utillized in this report as emittance. The data reported by the camera was used directly without calibration. The greatest emittance of the crack was measured and the emittance before the vibratory pulse was also measured. The difference between these two numbers was taken as the emittance gain. The same data was plotted as strain gage energy versus crack emittance directly and the relationship is nearly linear (Figure 7) . The scatter is very small. Note that the first two points and the last point of the curve actually have two data points overtop of each other showing the repeatability of the data. This close relationship proves that at least for this one type of sample the measured differential strain and the PM laser vibrometry data can both predict closely the gain in emittance of a crack located between the two strain gages.
DISCUSSION OF RESULTS
The question of whether the crack is heated predominently by the rubbing of the two sides or by deformation of the crack tip has not been answered to date. The results presented herein are probably just as valid for either scenario given that they measure the deformation in the region of the crack rather than at the crack tip or along the sides of the crack.
The differential strain gages and the laser vibrometer agreed quite well in general. The laser vibrometer is measuring only the motion of the part normal to the surface including something like the motion of a drum head. The strain gages reported only elongations which were different on the two sides of the crack area. Measurements where these two methods disagreed slightly probably involved motions which were differentiated between the sides (and not obvious to the laser) or motions which were entirely uniform and hidden from the strain gages.
CONCLUSIONS
Both the PM laser vibrometry measurements and the differential strain gage configuration used can accurately predict the temperature gain of a crack in the type of specimen used for these experiments. Trials with more complex specimens are now needed to confirm that the methods are as accurate in a wide range of conditions.
The methods presented in this paper are suitable for the investigation of the vibrational energy levels at all sites on complex specimens. It is hoped that investigators will be able to utilize these methods to formalize and prove procedures which will guarantee that 100% of the area of interest of specimens may be inspected without over stressing the parts and causing crack initiation or growth by excessive vibrational energy levels.
